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The  proposed  approach  provides  high  accuracy  results 
in  the  analysis  of  semiconductor  thin  layers. 
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Semiconductor  materials  research  has  succeeded  in  steadily  reducing 
the  physical  size  of  electronic  devices.  With  the  development  of  epitaxial 
growth  techniques,  particularly  molecular  beam  epitaxy  (HBE  )  (1-3),  layered 
structures  of  thicknesses  on  the  order  of  1  to  100  nm  with  precise  com¬ 
position  profiles  have  been  obtained.  The  fabrication  of  devices  by  MBE 
requires  the  ability  to  accurately  add  controlled  quantities  of  electrically 
active  dopants,  a  process  which,  in  many  cases,  is  not  well  understood. 

As  experimentation  continues,  the  need  for  accurate  measurement  of 
dopant  concentration  in  such  layers  challenges  the  state-of-the-art 
of  surface  analytical  techniques. 

Secondary  Ion  Mass  Spectrometry (  SIMS)  is  currently  recognized  as 
one  of  the  most  sensitive  techniques  for  the  analysis  of  semiconductor 
materials  (4,5),  with  detection  limits  in  the  ppm  range  for  most  elements. 
The  application  of  ion  implant  standards  (6-7). to  SIMS  has  been  developed 
to  provide  accurate  quantitative  concentration  depth  profiles.  The  method 
of  solid  state  standard  addition  by  ion  implantation  has  been  shown  to  give 
excellent  results  (8).  This  method  involves  implanting  the  sample  with  a 
controlled  dose  of  the  element  to  be  determined,  profiling  through  the 
implantation  zone,  and  then  comparing  the  integrated  signal  obtained  from 
the  implant  to  the  background  signal  arising  from  the  dopant  being  deter¬ 
mined. 

To  insure  complete  removal  of  the  implanted  species,  the  residual 
dopant  signal  is  acquired  at  a  depth  of  at  least  three  to  four  times  that 
of  the  implant  peak  (8).  This  places  a  restriction  on  the  minimum  sample 
thickness  which  can  be  analyzed  by  this  method,  furthermore,  dopant 
inhomogeneity  in  the  sample  presents  difficulties  to  the  conventional 
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technique.  Lateral  (x-y)  inhomogeneities  can  be  dealt  with  only  by 
the  tedious  process  of  running  replicate  analyses  on  several  sampling 
areas.  In-depth  heterogeneity  poses  an  even  greater  problem  as  all 
but  gross  inhomogen ieties  are  masked  within  the  implant  region.  Hence, 
effects  such  as  diffusion  towards  the  surface  cannot  be  dealt  with 
reliably.  This  problem  can  be  circumvented  in  some  instances  by  im¬ 
planting  with  one  isotope  of  the  element  of  interest  to  serve  as  a  standard  and 
monitoring  the  residual  component  with  another  isotope.  However,  this  is  not 
always  feasible  as  in  the  case  of  beryllium  which  is  monoisotopic. 

In  order  to  reduce  the  thickness  requirement  to  thinner  layers, 
and  to  eliminate  the  problem  of  dopant  inhomogeneity,  the  use  of  image 
depth  profiling  (9)  was  investigated.  This  technique  fully  utilizes  the 
advantages  of  the  ion  microscope  (10)  by  providing  simultaneous  in-depth 
analysis  of  several  features  within  the  ion  image.  Therefore,  if  the 
field  of  view  of  the  image  contains  both  implanted  and  unimplanted 
regions,  implant  and  background  signal  levels  can  be  obtained  simultan¬ 
eously  to  give  quantitative  concentation  data.  The  only  thickness 
limitation  then  becomes  that  necessary  to  contain  the  enti re' implant 
zone,  while  dopant  heterogeneity  can  be  visually  assessed  and  determined 
quantitatively  by  proper  choice  of  sampling  areas  within  the  ion  image. 

This  method  was  applied  to  two  thin  layer  samples.  First,  a 
quantitative  determination  of  the  beryllium  dopant  concentration  in 
a  1  pm  MBE  grown  gallium  arsenide  layer  was  performed  as  a  test  sample. 

The  technique  yielded  a  precision  of  Zk%  and  was  accurate  to  within  13%, 
both  comparable  to  the  results  achieved  by  the  conventional  solid  state 


standard  addition  method.  Next  a  GaAs  layer  containing  a  diffused 
silicon  dopant  was  quantitatively  analyzed. 


EXPERIMENTAL  SECT  I  ON 


Instrumentation:  The  depth  profiles  were  performed  on  a  CAMECA  IMS-3f 

ion  microscope  (11)  interfaced  with  an  HP  9845T  computer  for  instrument 

control.  A  400  nA  0j  primary  beam  at  an  energy  of  5.5  keV  relative  to 

the  sample  was  rastered  over  a  250  urn  x  250  um  area  on  the  sample  while 

the  actual  imaged  field  was  150  ym  in  diameter.  Positive  ions  were 

monitored  in  all  cases  and  all  analyses  were  performed  at  the  residual 
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chamber  vacuum  of  3  x  10  torr.  Depth  measurements  on  the  sputtered 
craters  were  performed  on  a  Taylor  Hobson  TALYSTEP  stylus  profiler. 

The  Microscopic  Image  Digital  Acquisition  System  (MIDAS)  (12)  was 

used  to  acquire  the  image  depth  profile  data.  MIDAS  consists  of  a 

0UANTEX  low  light  level  ISIT  TV  camera,  a  GRINNELL  digital  frame  buffer 

(256  x  240  x  12-bit  image),  a  OiGITAL  BOP  11/34A  minicomputer,  and 

associated  peripherals  and  software.  The  MIDAS  system  can  acquire  an 

image  from  the  fluorescent  screen  of  the  ion  microscope  every  l/30th  of 

a  second  or  it  can  integrate  images  for  an  operator  specified  time 

for  improved  counting  statistics.  A  further  description  can  be  found 

in  Reference  12. 

Computer  Software:  The  image  depth  profile  routines  were  written  in 
FORTRAN  and  MACRO-11  while  the  implant  peak  integration  program  was 
written  in  FORTRAN.  Programs  to  control  the  IMS-3f  were  written  in  BASIC 
for  the  HP  9845T  computer.  The  image  depth  profile  program  allows  the 


operator  to  interactively  select  up  to  30  rectangular  sampling  regions 
within  the  field  of  view  ranging  in  size  from  one  picture  element  (pixel) 
up  to  the  entire  image.  The  program  sums  a  user  defined  number  of  frames, 
then  computes  the  average  pixel  intensity  within  each  sampling  region, 
and  converts  to  ion  intensi ty. using  an  empirically  derived  calibration 
equation.  It  records  these  intensities,  then  clears  the  frame  buffer  and 
begins  to  acquire  a  new  image.  The  image  depth  profiling  program  has 
been  previously  described  in  detail  (13). 


Sample  Preparation:  The  thin  layer  test  sample  used  in  this  experiment 
was  an  1  ym  molecular  beam  epitaxially  grown  beryllium  doped  GaAs  layer 
on  a  GaAs  substrate.  Prior  to  implantation,  the  residual  beryllium  dopant 
concentration  was  calculated  using  Hall  effect  measurements 

to  obtain  the  carrier  concentration.  For  implantation, 
the  sample  was  mounted  onto  an  aluminum  disc  with  conductive  silver  paint. 

A  metal  mask  of  20  ym  wide  parallel  slits  spaced  150  ym  apart  was  positioned 
over  the  sample  which  was  then  implanted  with  2  xlO15  atoms/cm2  9Be  at 
an  energy  of  60  keV,  thus  producing  a  series  of  implanted  Be  stripes. 

The  second  sample  analyzed  was  a  1  ym  molecular  beam  epitaxially 

grown  GaAs  layer  which  had  been  doped  with  a  uniform  concentration  of  Si  in 

the  outer  200  nm  during  growth.  The  layer  was  then  annealed  at  400°  C  for 
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30  seconds  under  vacuum  (10  torr) .  However  it  was  suspected  that  the  Si 


dopant  had  diffused  into  the  bulk  BaAs,  either  during  growth  or  in  the 

subsequent  annealing  step.  This  sample  was  implanted  with  IxlO1^  atoms/cm 
28 

Si  at  an  energy  of  200  keV  using  the  same  mask  as  the  test  sample. 
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RESULTS  AND  DISCUSSION 


Figure  I  shows  a  schematic  of  the  final  implanted  sample,  while 
Figure  2  is  the  actual  ion  image  of  the  implant  acquired  by  the 
MIOAS  system.  The  four  7u<n  x  12um  sampling  regions  are  also  shown. 

Figure  3  is  the  image  depth  profile  of  regions  l  and  3-  Regions  2  and 
4  were  used  for  the  actual  calculation,  but  were  omitted  here  for 
clarity.  As  in  the  conventional  solid  state  standard  addition  technique, 
the  residual  dopant  concentration  is  calculated  using  equation  1. 

Sr  x  T  x  F 

cr  -  -  (1) 

I  x  D  x  A 

In  this  equation,  Cr  is  the  residual  dopant  concentration  to  be  determined 
in  atoms/cm^,  Sr  is  the  residual  dopant  signal  in  cps,  T  is  the  total 

2 

sputtering  time  in  seconds,  F  is  the  fluence  of  the  implant  in  atoms/cm  , 

I  is  the  integrated  ion  intensity  of  the  implant  peak  in  counts,  D  is  the 
depth  of  the  crater  in  centimeters,  and  A  is  the  isotopic  abundance  of  the 
dopant  mass  being  monitored. 

In  order  to  gauge  the  capabilities  of  the  image  depth  profile  approach, 
the  sample  used  in  this  experiment  was  deliberately  chosen  to  be  of  suf¬ 
ficient  thickness  for  analysis  using  the  conventional  solid  state  standard 
addition  technique.  The  results  obtained  from  these  two  methods,  as  well 
as  the  beryllium  concentration  as  determined  by  Hall  effect  measurements, 
are  given  in  Table  1.  The  data  for  the  SIMS  measurements 
confirms  that  the  image  depth  profiling  technique  is  comparable  to  the 
conventional  method  in  terms  of  accuracy  and  precision.  Comparing  the 
concentration  values  obtained  shows  the  SIMS  values  to  be  higher  than  the 
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electrically  measured  value.  While  the  discrepancy  is  within  experimental 
error,  it  must  be  emphasized  that  the  electrical  measurement  technique  is 
only  sensitive  to  beryllium  which  is  electrically  active.  It  is  possible 
that  some  of  the  doped  beryllium  in  the  MBE  GaAs  layer  has  been 
incorporated  into  electrically  inactive  sites  and  is  undetectable 
by  electrical  measurement. 

As  a  further  test  of  the  image  depth  profiling  approach,  another 
GaAs  MBE  sample  with  the  same  Be  dopant  concentration  was  uniformly  implanted 
to  serve  as  an  external  calibration  standard  for  the  analysis  of  an  unimplanted 
sample.  The  calculated  Be  concentration  by  this  method  yielded  a  deviation 
from  the  electrical  value,  indicating  the  advantage  of  the  image  depth 
profiling  technique  over  the  external  standard  approach.  This  is  due  to 
the  fact  that  the  external  standard  method  cannot  take  into  account  the 
instantaneous  fluctuations  of  instrumental  and  analysis  parameters.  By  anal¬ 
yzing  the  standard  and  unknown  simultaneously,  as  in  the  image  depth  profiling 
technique,  effects  sach  as  primary  beam  density,  secondary  ion  transmission 
and  chamber  pressure  variations  are  automatically  eliminated. 

The  results  of  the  beryllium  doped  test  sample  verify  that  this  method 
is  capable  of  giving  accurate  concentration  values.  To  demonstrate  its  ability 
versus  the  conventional  method,  a  sample  with  an  in-depth  inhomogeneity  was 
chosen  for  quantitative  analysis.  Figure  4  shows  the  image  depth  profiles 
of  the  implanted  stripe  and  unimplanted  bulk.  While  the  presence  of  the 
implanted  species  can  be  detected  in  the  profile  of  the  implanted  region, 
it  is  difficult  to  accurately  describe  the  actual  diffusion  profile  beneath 
it.  This  is  the  limitation  encountered  using  the  conventional  solid  state 
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standard  addition  approach  which  uses  a  uniform  implant  of  the  entire 
sample  surface.  A  sample  such  as  this  couid  not  be  readily  analyzed  by 
the  conventioanl  method.  A  deconvolution  of  the  implant  peak  from  a 
diffusion  profile  whose  exact  shape  is  not  known  is  necessary. 

The  use  of  the  image  depth  profiling  technique,  however,  allows  the 
operator  to  acquire  both  the  implanted  standard  and  a  clear  diffusion 
profile  unobscured  by  the  implant.  Point  by  point  subtraction  of  these 
two  profiles  directly  gives  the  implant  profile  shown  in  Figure  5.  This 
then  can  be  used  to  quantify  the  diffusion  profile  through  the  application 
of  equation  1  to  generate  an  intensity  to  concentration  conversion  facto 
In  this  case,  it  was  found  that 

C  *  1 .9  x  1016  x  n  (2) 

where  C  is  the  elemental  concentration  in  atoms/ cm3 ,  n  is  the  secondary 
ion  signal  in  counts/sec  and  the  conversion  factor  has  the  unit  atoms-secs/cm3 
counts. 

Using  this  factor,  the  signal  intensities  are  readily  converted  to 
concentrations.  The  diffused  silicon  concentration  is  found  to  be  6.4 
x  102°  atoms/cm3  at  the  surface,  dropping  to  a  constant  residual  level 
of  2.0  x  !017  atoms/cm3  at  a  depth  of  320  nm.  This  example  illustrates 
the  ability  of  the  image  depth  profiling  approach  to  not  only  overcome 
sample  heterogeneities,  but  to  extract  meaningful  information  with  relative 
ease. 

While  the  use  of  the  image  profiling  technique  eliminates  errors 
caused  by  fluctuation  of  the  analysis  conditions,  one  effect  that  must 
be  corrected  for  during  data  processing  of  the  image  depth  profile  is 
false  image  contrast  caused  by  the  imaging  detector.  The  CAMECA  IMS-3f 
ion  microscope 
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uses  a  channel  electron  multiplier  array  (CEMA)  (13),  also  known  as  a 
channel p) ate,  as  the  ion  to  electron  converter  before  the  fluorescent 
viewing  screen.  In  the  course  of  normal  usage,  the  original  uniform  ion 
intensity  response  across  the  channelplate  surface  begins  to  degrade. 

This  results  in  a  type  of  fixed  pattern  noise  being  present  in  all 
acquired  images.  Fortunately,  the  removal  of  this  noise  is  straight 
forward.  In  this  instance,  images  of  59Ga  from  the  GaAs  sample,  which 
would  be  expected  to  give  a  uniformly  illuminated  image,  were  used  as 
reference  images  to  determine  the  relative  sensitivities  of  each  pixel. 

These  reference  images  were  then  used  to  correct  all  subsequent  images  for 
this  nonuniformity.  It  should  be  noted  that  Figures  3,4  and  5  present 
data  corrected  for  this  effect,  while  the  ion  image  of  Figure  2  shows  raw 
image  data. 

Although  the  image  depth  profiling  technique  gives  excellent  results 
for  quantitative  thin  layer  analysis,  one  requirement  of  any  quantification 
methodology  is  that  of  sensitivity.  Currently,  the  MIDAS  system  provides 
detection  limits  approximately  two  orders  of  magnitude  higher  than  those 
obtained  using  conventional  electron  multiplier  detection.  This  necessitated 
using  a  relatively  high  dopant  concentration  of  3xl019  atoms/cm3  as  a 
test  sample.  However,  the  detection  limits  can  be  lowered  significantly 
by  judicious  choice  of  the  channelplate  detector  used.  In  particular,  rather 
than  using  a.  single  plate  multiplier  as  is  currently  the  case,  a  tandem  dual 
plate  arrangement  would  significantly  boost  the  gain  provided  by  the  ion 
to  electron  conversion  stage,  thereby  directly  enhancing  the  systems  sen¬ 
sitivity. 
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The  advantages  of  the  image  depth  profile  approach  to  solid  state 
standard  addition  are  therefore  threefold.  By  simultaneously  analyzing 
the  standard  and  the  unknown,  high  accuracy  is  obtained.  The  successful 


analysis  of  layers  three  to  four  times  thinner  than  can  be  done  by  the 
conventional  solid  state  standard  addition  technique  is  possible  since 
the  image  profiling  method  does  not  require  complete  removal  of  the  implant 
zone  before  residual  dopant  signals  are  obtained.  Instead,  the  minimum 
sample  thickness  is  determined  by  the  depth  needed  to  contain  the  implant 
profile.  Therefore,  the  use  of  low  implantation  energies  to  keep 
penetration  depths  to  a  minimum  will  allow  the  analysis  of  layers  with 
thicknesses  in  the  range  of  50  to  500  nm  depending  on  the  atomic  masses 
of  the  dopant  and  substrate. 

Finally,  since  the  entire  ion  image  is  monitored  rather  than  being 
summed  into  one  analysis  point  as  in  a  standard  depth  profile,  dopant 
heterogeneity  within  the  sample  does  not  present  a  problem  to  successful 
analysis.  Lateral  inhomogeneity  is  dealt  with  by  positioning  sampling 
areas  over  the  various  regions  within  the  field  of  view  suspected  of 
being  nonuniform.  In  addition,  since  only  a  small  fraction  of  the  sample 
contains  the  implanted  standard,  in  depth  heterogeneity  occurring  over 
the  depth  of  the  implant  zone  can  be  monitored  and  quantitatively 
analyzed  in  the  unimpl an  ted  regions  with  much  greater  accuracy  than 
would  be  provided  by  the  use  of  external  standards.  Further  improvements 
in  the  image  detection  system  will  allow  increased  sensitivity  to 
provide  quantitative  concentration  data  for  very  low  level  dopants  in  thin 
layer  semiconductor  materials. 
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Table  1.  The  beryllium  concentration  as  calculated  from  SIMS  and 
electrical  measurements.  Standard  deviations  based  on 


10  replicate  analyses. 


atoms/cm3 

std.  i 

Electrical 

3.0  x 

1019 

- 

image  depth  profile 

3.4  x 

1019 

0.6 

Conventional  SIMS 

3.3  x 

10X9 

0.6 
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FIGURE  CAPTIONS 


Figure  1 . 
Figure  2. 

Figure  3. 

Figure  4. 

Figure  5. 


Implantation  schematic 

MIDAS  acquired  Be  image  of  the  stripe  implant.  The  rectangles 
show  the  four  sampling  areas 

Image  depth  profiles  of  region  1  (implanted)  and  region  3 
(masked) . 

Image  depth  profiles  of  unimplanted  and  implanted  zones  of 
28Si  diffused  into  a  GaAs  MBE  layer. 

The  28Si  implant  profile  obtained  by  subtracting  the  diffusion 
profile  in  the  unimplanted  region  from  the  depth  profile  of 
the  implanted  region. 
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